T nE functions of the eerebrospinal fluid (CSF) appear to reflect its main property, that of providing the immediate environment of the central nervous system. Of particular interest in this regard are the dynamics of metabolic changes in the CSF as they relate to alterations within subjacent tissues. Recent studies have revealed that the medullary regulation of respiration is effected by changes in the acid-base balance and pod2 within the adjacent CSF. 3 Relatively less attention has been given to oxygen tension in this fluid. We have therefore attempted to define the dynamic behavior of CSF pO2 within the cisterna magna in response to changes in the arterial pO2 under controlled respiration in the Rhesus monkey.
Materials and Methods
Twelve Rhesus monkeys with an average weight of 3.4 Kg (range =~.5 to 4.1 Kg) were anesthetized with Nembutal 30 mg/kg before endotracheal intubation and surgical preparation. The monkeys were maintained at a light level of anesthesia, and voluntary respirations were eliminated with repeated intravenous injections of 5 mg succinyl choline as required. Each experiment lasted between 3 to 5 hours, and no deleterious effects were discovered in any of the animals, all of which survived.
Experimental Protocol. The arrangement of apparatus for these experiments is shown schematically in Fig. 1 . After a baseline was established, the animal was given different gas mixtures to breathe. These consisted of 100~ oxygen, 95% oxygen/5% CO2, and hypoxic mixtures of either 0, 5, or 10% oxygen with the remainder being nitrogen. The animal was respired in a cyclic series with each of these gas mixtures in turn, Received for publication March 14, 1967. beginning and ending the series with a period of respiration with room air. Changes in gas mixtures were made only after approximate stable or plateau levels of p02 were recorded in blood and CSF. During hypoxia, however, marked cardiovascular changes would occasionally preclude reaching stable levels. At such times the blood would be sampled at its lowest value and the corresponding CSF value noted.
Physiological Variables. 1. Respiration.
The animals were ventilated mechanically with a Harvard Animal Respirator Model 607 attached to the endotracheal tube. Dead space was minimal. Respirator settings were kept constant throughout each experiment so that when room air was being respired an arterial pO2 of approximately 95 mm Hg was maintained. It was noted, however, that the arterial pCO2 under these conditions seldom rose above ~0 mm Hg. Gas mixtures (supplied and certified by Southern Oxygen Co.) entered the respirator via an easily inflatable rubber bag. The gas flow was adjusted in each experiment so that the bag was only partially filled to avoid hyperinflation of the lungs.
2. Blood pressure. This was monitored by a catheter threaded into the right femoral artery and connected through a three-way stopcock to a Statham pressure gauge, the output of which was displayed on a Gilson Polygraph. The blood pressure remained relatively constant during experimental hyperoxygenation; during hypoxia experiments, however, cardiovascular changes (bradycardia and hypotension) were often seen.
3. Temperature. The animals were maintained at 37~176
with an Aquamatic-K pad (Gorman Rupp Ind., Inc. Methods of Oxygen Measurement. 1. Cisternal oxygen tension. This was measured continuously with a glass polaragraphic membrane oxygen electrode? The characteristics of this electrode were as follows: response time was 3 seconds to 95% full scale; relationship of current to pO2 was linear in range 0 to 712 mm Hg; drift was approximately 1% per hour; temperature response was 4%/~ cathode-platinum was 0.001 inch diameter. The cisterna magna was punctured percutaneously with a No. 14 spinal needle. The stylette was withdrawn and replaced by the oxygen electrode with its tip projecting slightly from the needle opening (Fig. 1 insert) . The fit between electrode and needle was such that only a minimal amount of CSF leaked away. Several criteria were used for judging acceptable position of the needle and electrode in the cisternal space: a) the CSF had to exhibit respiratory pulsations; b) the electrode had to yield a reading greater than zero; c) the electrode should show some response to breathing 100% oxygen within 30 seconds; and d) if the CSF was blood-tinged, it had to show rapid progressive clearing.
The reason for the second criterion was that when the electrode was against tissue the reading would fall sharply to zero. This could usually be corrected by a very slight withdrawal of the spinal needle. Occasionally it was noted that the cisternal space had become depleted of CSF; approximately 0.S cc of normal saline was then injected into the space through the spinal needle. The electrode was then reinserted into the needle and recordings continued after gas and temperature equilibration was established. This mixture of saline and CSF responded exactly as did the actual CSF. Samples of arterial blood were withdrawn at frequent intervals using a method described previously 16 and analyzed for pO2 and pCO2 with an Instrumentation Laboratory (IL) ph/gas analyzer, Model 113. This instrument was calibrated for oxygen tension using tonometered saline and blood (Fig. 2 ). Significant fluctuations of the values obtained were noted with this method, and the sampled arterial pO2 values are quoted as measured directly. However, the IL readings obtained from such blood samples were reproducible for any particular set of conditions. Thus, it was determined during respiration of the animals with room air and with the other gas mixtures in turn that under such conditions constant levels of arterial pO2 were obtainable. Although this sampling method of measuring arterial pO2 did not permit evaluation of the absolute accuracy of the intraarterial electrode, it did serve to validate the response rates observed with this electrode.
Results
Typical responses of arterial and cisternal CSF pO2 to the three sets of gas mixtures are shown in graphs drawn from the original polygraphic records (Figs. [3] [4] [5] . The arterial pO2 values are expressed in arbitrary units proportional to the electrode current while the CSF pO2 is shown in mm Hg. The accuracy of these arterial pO2 changes recorded continuously was checked by the sampling technique during each run; the average pO2 values during steady-state conditions for the various gas mixtures are given in Table 1 . Although a direct comparison of the two types of continuous pO2 recording was not technically possible, the FIG. 1. Experimental arrangement for measurement of cisternal CSF and arterial pO2 responses to changes in respired gas mixtures. The Charlton flexible arterial pO2 electrode was threaded into the distal aorta via one femoral artery while a catheter was placed in the other femoral artery for obtaining arterial samples and measuring blood pressure. The technique of cisternal pO2 electrode placement is shown in the insert.
correspondence between the continuously recorded values and sampled values of arterial pO2 on the IL gas analyzer during such conditions was quite satisfactory. Thus, the equivalent arterial pO2 change in Fig. 3 (100% 02 effect) corresponding to the increase from 0.5 to ~.3 arbitrary pO2 units was an increase from 77 mm Hg to 320 mm Hg in the arterial samples read on the gas analyzer. The crucial fact to notice is that the direction of change in the CSF pO2 was identical to that in the arterial pO2 in response to the three gas mixtures, namely, 100% 02 (Fig. 3) , 95% 02 and 5% C02 (Fig. 4) , and a hypoxic mixture of 95% N2 and 5% 02 (Fig. 5) . Arterial pC02 values, as determined by the sampling technique, remained relatively stable during the exposure to 100% 02 and to the hypoxic mixture, namely, 17.5 to 19.5 mm Hg. T h e time course for changes of t h e pO2 in t h e t w o fluids r e v e a l e d an e x t r e m e l y r a p i d r a t e of response. T a b l e r s u m m a r i z e s t h e d a t a s h o w i n g t h e t i m e r e q u i r e d for the onset of pO2 c h a n g e s in b l o o d a n d C S F , as well as t h e t i m e r e q u i r e d to reach c o n s t a n t or e q u i l i b r i u m levels a f t e r b r e a t h i n g t h e v a r i o u s gas m i x t u r e s . I t should be enlphasized t h a t such e q u i l i b r i u m levels are, a t best, e s t i m a t e s only a n d t h a t t r u e 02 equili b r a t i o n m a y be an e x p o n e n t i a l decay- * The cisternal CSF p02 readings were obtained from the continuous recording polaragraphic oxygen electrode records at the equilibrium values, while the arterial blood pO2 and pCO2 value were obtained from blood samples taken during the equilibrium periods and are direct uncorrected readings on the IL gas analyzer. 
~2
S.D. = Standard Deviation. * Tile time required for onset of pO2 change in the CSF and arterial blood was determined from the time the respiratory mixture was changed to the onset of the changes in the fluids. The time to reach plateau levels was determined from the time of onset of change in the fluids to the estimated point for equilibrium or plateau level in these fluids. type function. The arterial blood pO2 appeared to respond much faster than the CSF pO2 in all cases. It should be emphasized that this conclusion is based on the average values for all the experiments, and a few of these recordings were not made simultaneously.
To examine this relationship between arterial blood and CSF response rates more precisely, we measured the actual time lapse between the onset of the pO2 response in the two fluids (Table 3 ). This table shows that the shortest time lapse was found during the change from breathing room air to 95% O2+5% CO2 (8.3+5.4 seconds). The data in Table 3 were obtained from only those experiments wherein simultaneous recording of CSF and arterial pOe was actually achieved.
The animals tolerated the procedures well and none showed any neurological deficit during subsequent observation. Five representative animals were sacrificed, four immediately after the experiment, and one a month later. Particular attention was paid to the brain stem. The 1-month survivor and two immediately sacrificed showed no gross trauma to the brain stem in the macroscopic sections and no evidence of subarachnoid bleeding. However, in two there was evidence of slight injury; in one a small puncture wound in the posterior lateral medulla and in the other a small subarachnoid collection of blood on the anterior medullary surface. These traumathe Cisternal CSF 5~1
tized animals gave typical CSF responses during the experiment and showed no physical abnormalities prior to sacrifice. It was concluded that the tissue injury resuited from the initial cisternal puncture, when the spinal needle had to be slightly withdrawn to fulfill the criteria outlined previously. The identical responses observed in all these animals precludes a significant effect of such experimentally induced trauma on the physiological effects noted.
Discussion
The values for CSF pO2 in the cisterna magna of Rhesus monkeys obtained in our experiments are in agreement with other reports of observations in dogs, monkeys, and man. 1,9,11,14 Our demonstration of a following response in the CSF pO2 to arterial pO2 changes induced acutely by respiring various gas mixtures also confirms more conclusively the previous reports cited. We have also demonstrated such a response, though more sluggish, in the ventricular CSF of patients with grossly dilated ventricles. 16 A summary of previous studies concerning the cisternal CSF is given in Table 4 . In these studies, Bloor, et al., 1 as well as Laizan, 1' investigated the effect of a variety of respired gas mixtures, although arterial pO: estimation was not recorded continuously and arterial pCO2 was not measured.
The responses of the I)O2 in the two fluids in relation to time, that is, the dynamic behavior of this gas, reflect a number of interrelated phenomena in the pulmonary, cardiac, and cerebrovascular systems. Our data in Tables ~ and 3 show that the cisternal CSF pO2 tension responds about twice as fast when changing from breathing room air to a mixture of 95% oxygen/5% COs (time lag 8.3+5.4 seconds) as when going from room air to 100% oxygen (time lag 17.6 + 16.6 seconds). On the other hand, the arterial pOs responses are fairly uniform; 95% oxygen/5% CO2 produced a response in 10.7__+3.7 seconds compared to the response to 100% oxygen of 11.4_+5.~ seconds. This finding of a slower CSF response to pure oxygen inhalation than to a 5% COs mixture may be explained by the finding that hyperoxygenation leads to a decreased cerebral blood flow 1~ whereas hypercapnia has the opposite effect. I~ Jameson and Van Den Brenk, studying pO2 in rats and guinea pigs using bare metal electrodes, found that an environment of high CO2 tension added to oxygen at increased pressure led to an increase in the rate of oxygen increase in both cerebral tissue and CSF. s We are not aware of any other studies on CSF pO2 response rates but it may be relevant to consider what is known about pCO2 response rates. Bradley, et al., studying CSF pCO: in patients with a sampling technique, reported a change in cisternal pC02 occurring within 1.6 to 4.~ minutes after CO2 inhalation was begun3 Merwarth and Sieker reported pCOs changes occurring in the cisternal fluid of dogs somewhere between ~ and 10 minutes after a change in ventilation rate or C02 inhalationY These response times are significantly longer than that seen for pOs in our experiments. It should be noted that, in addition to being a different gas, these pCO2 values include variables due to ventilator factors as well as being estimates by the sampling method which may fail to record the exact time of onset of the response in the CSF or other fluid studied. As an example of the multiple influences on such response times, one may note that when the breathing source is changed from hypoxie mixtures to room air the onset of changes in the blood and CSF pO2 is prolonged. It is very likely that this is secondary to the bradycardia and blood pressure alterations that occurred during such hypoxic exposures.
Our data (both on the average and for each individual monkey) revealed that the cisternal pO2 values were higher while breathing 95% 02 and 5% CO2 (average 212.4_+71.2 mm Hg) than when the animal respired 100% 02 (average 172.7__+68.9 mm Hg) although the arterial pO2 levels were higher on the 100% oxygen. This effect is most probably linked to the cerebral blood flow because the main change in the experimental parameters was in the average plateau level of arterial pCO2 (from 17.6 +7.5 mm Hg on 100% O2 to 35.3_+4.7 min Hg on 95% 02 and 5% CO2). These observations corroborate previous studies. Thus, Bloor, et al., found in African Green monkeys that 5% CO2 added to room air without changing the oxygen concentration produced a rise in cisternal pO2 that was almost as great as when the monkeys breathed 100% oxygen. 5 In Jameson and Van Den Brenk's studies on rats they noted that high CO2 concentrations added to oxygen caused marked increases in their cerebral and CSF oxygen tensions at high atmospheric pressures, s Dunkin and Bondurant studied the lumbar CSF in normal and hypercapneic humans and reported a linear relationship in lumbar CSF pO2 and arterial pCO2; the quantitative CSF pO2 values (studied by a sampling technique) tended to increase following an arterial pCO2 increase. In patients breathing 95% oxygen/5% CO2, the lumbar CSF levels increased more than the lumbar CSF pO2 in patients breathing 95% oxygen 5% nitrogen, a This effect of CO2, serving to increase CSF pO2, was also observed by Jarum, et al., to hold in the cisterna magna of the human. 9 Despite the difficulty of ascertaining the exact time for equilibration of gas tensions the Cisternal CSF 5~3 in body fluids, it is significant that the cisternal CSF took approximately 3 to 4 times as long as the arterial blood to equilibrate. This was true whether the change in respired gas mixtures occurred either from or towards the high oxygen content mixtures. The time for CSF equilibration on the hypoxic mixtures, however, was only about 1.5 times as long. This may simply be due to the fact that the cardiovascular changes under the latter conditions precluded continuation of the experiments for a longer time. Bloor, et al., found that the time for 75% arterial pO2 equilibration was 45.5 seconds (with a range of 16 to 162 seconds) while the time required for 75% equilibration in the cisternal CSF was 246 seconds (range, 39 to 795 seconds). These workers concluded that the arterial pO2 equilibration time was 5.5 times faster than the cisternal pO2 equilibration time. I Our data agree with this finding in an approximate manner.
Finally, it is interesting to consider whether our observations support the idea that the CSF represents the extracellular fluid of the brain, analogous to lymph, and what the relationship of CSF gas tension is to the actual CNS tissue gas tensions. Certainly neither of these problems has been resolved. In studies on human lymph, Groth, et al., 7 found values for lymph pO2 of 20 tO 40 mm Hg on room air respiration as compared with 70 to 150 mm Hg on 100% oxygen inhalation, and concluded that lymph reflects adjacent tissue gas tensions. These findings are directionally similar to ours for cisternal CSF. However, using an identical experimental design but monitoring hemispheric cortical tissue oxygen tension (with an intermittent pulsing polaragraphic oxygen electrode) instead of cisternal pO2, we have found an average decrease of cortical pO2 of 4~% when the monkey's source of respired gas was changed from room air to 100% oxygen inhalation; arterial pCO2 remaining relatively constant. TM This is directly opposite to the average increase of 370% seen in the cisternal pO2 after changing from room air to 100% oxygen inhalation. This observation raises the obvious question: Does the CSF simply reflect a very local or extra-neural tissue tension, or are the CSF and cerebral tissue tensions independent of each other? Further studies on these aspects are being conducted. Summary 1. In the Rhesus monkey, ventilation with several gas mixtures produced the following cisternal CSF pO2 values: a) room air: 46.1+~1.1 nun Hg; b) 100% oxygen: 17~.7+68.9 mm Hg; c) 95% oxygen/5% CO2: ~1~.4_+71.~ mm Hg; and d) hypoxic mixtures (high nitrogen, low oxygen) 1~.3_+ 10.3 mm Hg.
~. Response Rates. The eisternal CSF pO2 had lag times of 17.6+16.6 seconds, 8.3_+ 5.4 seconds, and 10.9_+ 13.7 seconds in responding to arterial p02 changes when switching from room air to 100% oxygen, 95% oxygen/5% CO2, and hypoxie mixtures respectively.
3. Equilibration Times. During hyperoxygenation, the time required to reach stable values was more than 3 times as long in CSF as in arterial blood; it was only 1.5 times as long with the hypoxic mixtures.
4. Cisternal pO2 displayed a directly proportional response following changes in arterial pO2 levels. It was also affected by pC02 changes which produced a more rapid response rate and also had an effect on absolute cisternal pO2 levels. The cisternal CSF pO2 was higher on 95% 02/5% CO2 than on 100% oxygen inhalation. This suggest that cisternal CSF p02 is influenced by available oxygen or arterial pO2 as well as by the rate of delivery or cerebral blood flow, which of course is in turn strongly influenced by pCO2.
